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We combined the group theory and data mining approach within the Organic Materials Database
that leads to the prediction of stable Dirac-point nodes within the electronic band structure of three-
dimensional organic crystals. We find a particular space group P212121 (#19) that is conducive
to the Dirac nodes formation. We prove that nodes are a consequence of the orthorhombic crystal
structure. Within the electronic band structure, two different kinds of nodes can be distinguished: 8-
fold degenerate Dirac nodes protected by the crystalline symmetry and 4-fold degenerate Dirac nodes
protected by band topology. Mining the Organic Materials Database, we present band structure
calculations and symmetry analysis for 6 previously synthesized organic materials. In all these
materials, the Dirac nodes are well separated within the energy and located near the Fermi surface,
which opens up a possibility for their direct experimental observation.
Recently, we have witnessed growing interest in the
research community in the Dirac materials where the
low-energy excitations behave as massless Dirac fermions
[1]. Among the most prominent examples are the two-
dimensional material graphene [2], the surface of bulk
topological insulators [3] like PbxSn1−xTe [4, 5], Dirac-
line materials [6–8] and Weyl semimetals like TaAs [9].
To date, the strong focus within electronic Dirac mate-
rials lies in the inorganic crystals. The class of organic
crystals remains rather unexplored and only a few or-
ganic Dirac materials are known. One prominent ex-
ample is the quasi two-dimensional charge transfer salt
α-(BEDT-TTF)2I3 which shows a tilted Dirac cone lo-
cated at the Fermi energy under high pressure [10]. At
the same time, organic crystals offer a high potential for
technological applications due to low production costs,
elastic properties (flexible electronics) and the opportu-
nity to build large-area devices [11]. We therefore will
focus on exploring the space of organic materials with
the specific goal of identifying Dirac materials.
Since the crystal structure plays a crucial role for host-
ing Dirac nodes, attempts of identifying organic Dirac
materials so far are mainly based on variations of al-
ready known Dirac materials. In two dimensions, this
can be done by starting with the graphene structure
and replacing the carbon atoms by more complex or-
ganic molecules [12]. A similar strategy was also dis-
cussed with respect to α-(BEDT-TTF)2I3 [13, 14]. To
go beyond this approach, we adopt a new strategy
for the search for Dirac nodes in the class of three-
dimensional organic crystals. We performed a data min-
ing study on the basis of 5217 electronic Kohn-Sham
band structures calculated using Density Functional The-
ory (DFT) [15, 16] and stored within the Organic Materi-
als Database (OMDB) [17]. We looked for isolated linear
crossings, i.e., where no other bands can be found besides
the crossing withing the corresponding energy range. Al-
though all considered organic materials were previously
synthesized, little attention has been paid to the elec-
tronic structure for most of them so far.
To achieve stable Dirac points within the electronic
structure, symmetry or topological protection needs
to be present. In this connection, crystals with
non-symmorphic space groups have been widely dis-
cussed [18–20] where the key role is played by high-
dimensional irreducible representations at the Brillouin
zone boundary. As a consequence of the Wigner-Eckart
theorem, the degeneracy of an electronic state is equal
to the dimension of an irreducible representation. In
the context of crystals, these degeneracies were discussed
in great detail during the 1960s [21]. Recently, with a
reinterpretation, degenerate electronic states in crystals
again attracted attention as a host to unconventional
fermions as low-energy excitation [22]. There is also a
second opportunity of hosting Dirac crossing as acciden-
tal crossings [23], which are protected by band topology.
Such crossings can be found for instance in crystals with
the monoclinic space group P21/c (#14) [6, 24]. In crys-
tals with this space group, electronic energy bands are
sticking together in groups of four bands. As reported in
Ref. [6], for each of these groups, three topologically dif-
ferent orderings of electronic states can be found at the
Γ-point within the Brillouin zone—a trivial phase and
two different line-node phases. Within the space group
P212121 (#19), an almost similar situation is present,
with the difference that at least one crossing has to oc-
cur along one of the paths ΓX, ΓY or ΓZ within the
Brillouin zone. This group will be discussed below in
Results.
In this paper, we report results of a combined
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2study using abstract group theory and data mining
within the Organic Materials Database (OMDB) [17].
We point out the first real material examples in
the class of three-dimensional organic crystals host-
ing isolated Dirac nodes in the electronic structure:
C6H7ClO3 [25], C10H10Br2Cl3NO2 [26], C12H13NO2 [27],
C13H12N2O [28], C9H10F3NO [29], and C10H12BrNO
[30]. It will be shown that the found Dirac nodes are
a consequence of the orthorhombic crystal structure of
the space group P212121 (#19). Within the band struc-
ture of the materials, two different kinds of nodes can be
distinguished: 8-fold degenerate Dirac nodes protected
by the crystalline symmetry and 4-fold degenerate tilted
Dirac nodes protected by the band topology.
RESULTS
Data mining and electronic structure calculations
As reported in Ref. [17], most three-dimensional or-
ganic crystals are insulating. However, the doping of or-
ganic materials is extensively studied, opening the oppor-
tunity of shifting the Fermi level into the valence band
(p-doping) or conduction band (n-doping) [11, 31]. Even
though it is chemically more difficult to achieve in com-
parison to inorganics, for example, due to purification ef-
fects of organics, it was successfully implemented within
OLEDs [32, 33], solar cells [34, 35] or thermoelectric ma-
terials [36]. Therefore, we searched for isolated linear
crossings in a neighborhood of 0.5 eV above the lowest
unoccupied electronic state and below the highest occu-
pied electronic state within the Kohn-Sham band struc-
tures stored in the OMDB by explicitly focusing our at-
tention to materials with the space group P212121 (#19).
For the 6 most promising structures tabulated in Table I,
additional refined DFT calculations were performed (see
Methods for more details).
As a representative, we further concentrate on the dis-
cussion for the material C6H7ClO3 (the electronic and
molecular structures for the other 5 materials can be
found in the supplementary material). Its orthorhom-
bic crystallographic unit cell is build up of four copies of
C6H7ClO3 molecules as shown in Fig. 1a. The calculated
band structure along several high symmetry paths within
the Brillouin zone (Fig. 1b) is plotted in Fig. 1d. The iso-
lated linear crossings occur at the high-symmetry point
R (green dashed circles in Fig. 1d) as well as along the
high-symmetry path ΓX (red dotted circles in Fig. 1d).
A picture of the linear energy dispersion within the ~b2-
~b3-plane within reciprocal space in the vicinity of the R-
point can be seen in Fig. 1c. The linear crossings are
well separated within the energy and as a consequence
the electronic density of states grows quadratically with
the energy in the vicinity of the three-dimensional Dirac
crossing (n(E) ∼ Ed−1 [1], where d = 3) as can be seen
in Fig. 1d.
However, to justify the claim of the found materials
being Dirac materials, a protection of the crossings by
crystalline symmetry is necessary. Indeed, we find that
the nature of the crossings forming Dirac nodes in the
spectra can be explained within the framework of group
theory below.
TABLE I: Data-mined organic Dirac materials
with the space group 19. The first four materials
show crossings in the valence band, the latter two have
crossings in the conduction band. References to the
papers where the synthesis of the materials was
reported are given in the last column.
# OMDB ID COD ID sum formula ref.
1 3407 1504134 C6H7ClO3 [25]
2 4071 1503207 C10H10Br2Cl3NO2 [26]
3 3180 1506714 C12H13NO2 [27]
4 5010 7153350 C13H12N2O [28]
5 3617 1506293 C9H10F3NO [29]
6 690 4066669 C10H12BrNO [30]
Group theory analysis
The space group P212121 (#19) itself (hereinafter de-
noted by G) is an infinite group having the group of pure
translations T as an infinite, normal and Abelian sub-
group. The point group of the lattice G0, i.e., the group
of all rotational parts of the space group elements is given
by 222 (D2). The factor group G/T is isomorphic to 222
and the coset representatives are given by
T1 = (E, 0, 0, 0), (1)
T2 = (C2x, 1/2, 1/2, 0), (2)
T3 = (C2y, 0, 1/2, 1/2), (3)
T4 = (C2z, 1/2, 0, 1/2). (4)
Here, E denotes the identity element and C2x, C2y and
C2z denote two-fold rotations (rotations by 180
◦) about
the Cartesian x-, y- and z-axis, respectively. In gen-
eral, since G is an infinite group, it has infinitely many
irreducible representations. However, due to the special
structure of space groups they can be indexed by the com-
bined index (~k, p), where ~k denotes a vector in reciprocal
space and p denotes an additional index running over all
the allowed representations at ~k. A degeneracy of a state
with energy E(~k) can be expected when the associated ir-
reducible representation Γp~k
has dimension d > 1 or when
pairs of complex conjugate representations are present.
Such a degeneracy is denoted as “protected by the crys-
talline symmetry”. At the R point within the Brillouin
zone, the physically-irreducible representation is four di-
mensional [37]. Additional spin-degeneracy leads to an
3(a) Orthorhombic unit cell and single molecule of
C6H7ClO3. Grey denotes carbon, red oxygen, blue
hydrogen and green chlorine
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(d) Band structure and density of states. Crossings highlighted in
green circles are 8-fold degenerate Dirac-points protected by
crystalline symmetry and crossings in red circles are 4-fold degenerate
Dirac points protected by band topology
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(e) Energy dispersion along ΓX, ΓY , ΓZ and irreducible
representations
FIG. 1: Crystal structure and electronic structure of the orthorhombic organic crystal C6H7ClO3.
8-fold degenerate linear crossing. Such crossings were re-
cently referred to as double Dirac crossings [38]. Within
the band structure in Fig. 1d, these crossings are high-
lighted by green dashed circles.
At the Γ point, the group of the ~k-vector is given by
the whole space group. Each of the eigenstates is one-fold
degenerate and belongs to one of the irreducible repre-
sentations listed in Table IIa (spin degeneracy is omitted
for the moment). As soon as one moves slightly away
from the Γ point, for instance on the path ΓX, the little
group of the ~k-vector only contains the elements T1 and
T2. Hence, the bands will be classified by their trans-
formation behavior with respect to the two-fold rotation,
namely even (Γ1) or odd (Γ2). Every state at X trans-
forms as the 2-dimensional irreducible representation E
illustrated in Table IIc. Moving towards X and coming
from ΓX bands of character Γ1 and Γ2 have to merge
pairwise. In general, bands can only cross (accidental
crossings) when they belong to different irreducible rep-
resentations [23]. Otherwise they will hybridize and form
a spectral gap. Clearly, a similar consideration holds
along ΓY and ΓZ. Taking into account all possible per-
mutations of the four irreducible representations at Γ as
TABLE II: Character tables and compatibility
relations.
(a) 222 (D2)
E C2x C2y C2z {E,C2x} {E,C2y} {E,C2z}
A 1 1 1 1 Γ1 Γ1 Γ1
B1 1 -1 -1 1 Γ2 Γ2 Γ1
B2 1 -1 1 -1 Γ2 Γ1 Γ2
B3 1 1 -1 -1 Γ1 Γ2 Γ2
(b) 2 (C2).
E C2
Γ1 1 1
Γ2 1 -1
(c) P212121 at X,
Y and Z
T1 T2 T3 T4
E 2 0 0 0
4well as the possible connections to X, Y and Z, it can
be verified that at least one crossing can be found along
one of the 3 paths. Taking into account the C2 rotation
symmetry, a second copy of the crossing along the path
Γ(−X) can be also found within the Brillouin zone. Fur-
thermore, as soon as one slightly departs from one of the
3 paths towards the interior of the Brillouin zone, none
of the symmetries is kept and only the identity element
T1 is present. Hence, there is no reason to protect the
crossing at any point that is not lying on one of the 3
paths and the crossing itself is a Dirac point. Hence,
by including spin-degeneracy, this crossing is 4-fold de-
generate. Moreover, it is possible to show that the R
point carries a spin-polarized Chern number of Cs = +2
which, by the Nielsen-Ninomiya theorem [39, 40], guar-
antees the existence of other degeneracies with a total
canceling charge of −2. Thus, the two Dirac points must
each carry a topological charge Cs = −1 [41].
In the present case of C6H7ClO3, the topologically pro-
tected crossing can be found along the path ΓX, as can
be verified from Fig. 1d and Fig. 1e. In Fig. 1d, the topo-
logically protected crossing is highlighted by a red dotted
circle. As can be seen, the four interesting bands below
the Fermi level have the ordering B3, A, B2, B1. Bands
originating from A and B1 and from B3 and B2 are merg-
ing pairwise at X for the above discussed reason. As a
consequence, a crossing of bands originating from A and
B2 can be observed (see Fig. 1e).
From a generalized study of the global band topol-
ogy it has been shown that more than four bands can
be connected in a non trivial way. While in the case
of C6H7ClO3 the energy ordering of the irreducible rep-
resentations at Γ excludes an eight-band subspace non-
trivially connected (realizing the global band topological
class ΓI of [41]). It is close to a topoligical transition
under a band inversion between B1 and A, as they are
almost degenerate at around −0.39 eV (see Fig. 1e). In-
terestingly, our data mining has found a clear candidate
of an eight-band subspace nontrivially connected (realiz-
ing the global band topological class ΓII of [41]) which is
characterized by two pairs of topologically stable band-
crossing points along ΓX and ΓY shown in Fig. 3(b).
This is the first realistic band structure reported with
this new type of global band topology.
DISCUSSION
We presented the first 6 predicted compounds for
three-dimensional organic crystals hosting isolated Dirac
crossings. All 6 materials were synthesized before, so
we encourage direct experimental verification of the re-
sults presented here. Within the respective band struc-
tures, we identified 8-fold degenerate Dirac nodes at the
R point in the Brillouin zone together with 4-fold degen-
erate topologically protected Dirac points along the high-
symmetry path ΓX. The crossings are well separated in
energy due to the flat electronic bands of organic crystals
and potentially accessible via doping or gating. In com-
parison to inorganic materials, the spatially sparse unit
cells of organic materials characterized by van der Waals
bonding between large molecules leads to an electronic
structure characterized by blocks of well separated flat
bands. This particular property also increases chances
of finding topologically protected crossings to be isolated
within the energy. We expect that more organic Dirac
materials will be reported elsewhere with growth of the
OMDB database. Furthermore, the slope of the cross-
ings is usually much smaller then for similar inorganic
crystals leading to potential applications as slow Dirac
materials [42].
METHODS
Materials data and data mining. We ana-
lyzed 5217 Kohn-Sham band structures of the three-
dimensional organic crystals stored within the Or-
ganic Materials Database (OMDB) [17] (http://omdb.
diracmaterials.org). The search algorithm for isolated
Dirac crossings consisted of two major steps. On the first
step, illustrated in Fig. 2, the algorithm selected all ma-
terials with either zero or tiny direct energy gaps (less
than 1 meV) located up to 0.5 eV above the minimum
energy of the lowest conductance band or 0.5 eV below
the maximum energy of the highest valence band (for
metals, the reference point was the calculated Fermi en-
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FIG. 2: Illustration of the search criteria for
isolated Dirac crossings near the Fermi level.
The algorithm selected all materials with zero or tiny
direct energy gaps (less than 1 meV) located up to
0.5 eV above the minimum energy of the lowest
conductance band or 0.5 eV below the maximum energy
of the highest valence band, where no other bands can
be found withing the corresponding energy range of the
gap. The purpose of this gap is to introduce numerical
tolerance since the band structure calculations were
performed along a discrete mesh.
5ergy). The purpose of this gap is to introduce numerical
tolerance since the band structure calculations were per-
formed along a discrete mesh and the algorithm could
miss the crossing point if it occurs between two mesh
points. The algorithm also checked that no other bands
can be found within the corresponding energy range of
the gap, which is a necessary (but not sufficient) criterion
to find an isolated Dirac crossing. The first step allowed
us to significantly reduce the search space as it found only
45 gaps (45 materials or 0.9% of the initial dataset) near
the lowest conductance band and 92 gaps (91 materials or
1.8% of the initial dataset) near the highest valence band,
making manual inspection of the search results feasible.
The statistics suggest that this simple criterion performs
well in filtering out irrelevant materials and can be used
for the automated search for isolated Dirac crossings.
In the second step, we applied a pattern matching al-
gorithm to arrange the selected materials according to
their similarity to a linear crossing pattern (i.e., crossing
of two straight lines). With this aim, we considered the
two nearest bands within a momentum window around a
direct gap detected in the previous step. We empirically
set the size of the momentum window to be 0.4 units wide
as an expected characteristic scale of the Dirac crossing.
Finally, we used the average Euclidean distance (the root
mean square error) between the pattern and these two
bands (within the momentum window) linearly scaled to
the same bounding box to arrange the selected materials.
The second step becomes important to prioritize search
results when the number of materials is large.
Electronic structure calculations. Having found
a subset of perspective materials, we performed refined
electronic structure calculations in the framework of the
density functional theory [15] by applying a pseudopo-
tential projector augmented-wave method [43–45], as im-
plemented in the Vienna Ab initio Simulation Package
(VASP) [46–48] and the Quantum ESPRESSO code [49].
The exchange-correlation functional was approximated
by the generalized gradient approximation according to
Perdew, Burke and Ernzerhof [50]. The structural in-
formation were taken from the Crystallography Open
Database (COD) [51–53] and transformed into DFT in-
put files by applying the Pymatgen package [54].
Within VASP, the precision flag was set to “normal”
meaning that the energy cut-off is given by the maximum
of the specified maxima for the cut-off energies within
the POTCAR files (for example, for carbon this value
is given by 400 eV). The calculations were performed
spin-polarized but without spin-orbit coupling. For the
integration in ~k-space, a 6×6×6 Γ-centred mesh accord-
ing to Monkhorst and Pack [55] was chosen during the
self-consistent cycle. A structural optimization was per-
formed by allowing the ionic positions, the cell shape and
the cell volume to change (isif = 3). Optimized struc-
tures from the VASP calculations were used. Quantum
ESPRESSO was applied to estimate the associated ir-
reducible representations of the energy levels within the
band structure. The cut-off energy for the wave func-
tion was chosen to be 48 Ry and the cut-off energy for
the charge density and the potentials was chosen to be
316 Ry. The calculated band structures using VASP and
Quantum ESPRESSO are in perfect agreement.
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EXTENDED FIGURES
In the following, the band structures and molecular
structures of the mined materials are presented which
were not discussed in the paper so far. The ma-
terials C10H10Br2Cl3NO2 [26], C12H13NO2 [27], and
C13H12N2O [28] contain the above mentioned Dirac
crossings in the valence band close to the highest oc-
cupied electronic state and are plotted in Fig. 3. The
distance of the crossing to the Fermi-level is in the range
of 100-200 meV. Within the materials C9H10F3NO [29]
and C10H12BrNO [30], similar crossings can be found
in the conduction band. The distance of the crossing to
the lowest unoccupied state is about 200 meV, as can be
seen in Fig. 4
∗ Geilhufe@kth.se
[1] T. Wehling, A. M. Black-Schaffer, and A. V. Balatsky,
Advances in Physics 63, 1 (2014).
[2] D. Abergel, V. Apalkov, J. Berashevich, K. Ziegler, and
T. Chakraborty, Advances in Physics 59, 261 (2010).
[3] L. Fu, C. L. Kane, and E. J. Mele, Physical Review
Letters 98, 106803 (2007).
[4] Y. Tanaka, Z. Ren, T. Sato, K. Nakayama, S. Souma,
T. Takahashi, K. Segawa, and Y. Ando, Nature Physics
8, 800 (2012).
[5] M. Geilhufe, S. K. Nayak, S. Thomas, M. Da¨ne, G. S.
Tripathi, P. Entel, W. Hergert, and A. Ernst, Physical
Review B 92, 235203 (2015).
6[6] R. M. Geilhufe, A. Bouhon, S. S. Borysov, and A. V.
Balatsky, Physical Review B 95, 041103 (2017).
[7] Y. Kim, B. J. Wieder, C. L. Kane, and A. M. Rappe,
Phys. Rev. Lett. 115, 036806 (2015).
[8] A. Yamakage, Y. Yamakawa, Y. Tanaka, and
Y. Okamoto, Journal of the Physical Society of Japan
85, 013708 (2016).
[9] B. Lv, H. Weng, B. Fu, X. Wang, H. Miao, J. Ma,
P. Richard, X. Huang, L. Zhao, G. Chen, et al., Phys-
ical Review X 5, 031013 (2015).
[10] S. Katayama, A. Kobayashi, and Y. Suzumura, Journal
of the Physical Society of Japan 75, 054705 (2006).
[11] B. Lu¨ssem, M. Riede, and K. Leo, physica status solidi
(a) 210, 9 (2013).
[12] Z. Wang, N. Su, and F. Liu, Nano letters 13, 2842 (2013).
[13] T. Choji, A. Kobayashi, and Y. Suzumura, Journal of
the Physical Society of Japan 80, 074712 (2011).
[14] T. Morinari and Y. Suzumura, Journal of the Physical
Society of Japan 83, 094701 (2014).
[15] P. Hohenberg and W. Kohn, Physical Review 136, B864
(1964).
[16] W. Kohn and L. J. Sham, Physical Review 140, A1133
(1965).
[17] S. S. Borysov, R. M. Geilhufe, and A. V. Balatsky, PloS
one 12, e0171501 (2017).
[18] S. M. Young and C. L. Kane, Phys. Rev. Lett. 115,
126803 (2015).
[19] L. M. Schoop, M. N. Ali, C. Straßer, V. Duppel, S. S.
Parkin, B. V. Lotsch, and C. R. Ast, Nat. Commun 7,
11696.
[20] B.-J. Yang, T. A. Bojesen, T. Morimoto, and A. Fu-
rusaki, arXiv preprint arXiv:1604.00843 (2016).
[21] J. Zak, Journal of Mathematical Physics 1, 165 (1960).
[22] B. Bradlyn, J. Cano, Z. Wang, M. Vergniory, C. Felser,
R. Cava, and B. A. Bernevig, Science 353, aaf5037
(2016).
[23] C. Herring, Physical Review 52, 365 (1937).
[24] B. J. Wieder and C. Kane, Physical Review B 94, 155108
(2016).
[25] D. M. Pinkerton, M. G. Banwell, and A. C. Willis, Or-
ganic Letters 11, 4290 (2009).
[26] J.-Y. Bae, H.-J. Lee, S.-H. Youn, S.-H. Kwon, and C.-W.
Cho, Organic letters 12, 4352 (2010).
[27] L. Dong, Y.-J. Xu, L.-F. Cun, X. Cui, A.-Q. Mi, Y.-Z.
Jiang, and L.-Z. Gong, Organic letters 7, 4285 (2005).
[28] A. V. Butin, T. A. Nevolina, V. A. Shcherbinin, I. V.
Trushkov, D. A. Cheshkov, and G. D. Krapivin, Organic
& biomolecular chemistry 8, 3316 (2010).
[29] D. Sˇterk, M. Stephan, and B. Mohar, Organic letters 8,
5935 (2006).
[30] A. Eloi, F. Rose-Munch, E. Rose, A. Pille, P. Lesot, and
P. Herson, Organometallics 29, 3876 (2010).
[31] Organic Electronics 4, 89 (2003), high Efficiency Light
Emitters.
[32] X. Zhou, M. Pfeiffer, J. Blochwitz, A. Werner, A. Nollau,
T. Fritz, and K. Leo, Applied Physics Letters 78, 410
(2001).
[33] J. Blochwitz, M. Pfeiffer, T. Fritz, and K. Leo, Applied
Physics Letters 73, 729 (1998).
[34] H. Hoppe and N. S. Sariciftci, J. Mater. Res 19, 1924
(2004).
[35] J. Drechsel, B. Ma¨nnig, F. Kozlowski, M. Pfeiffer, K. Leo,
and H. Hoppe, Applied Physics Letters 86, 244102
(2005).
[36] G.-H. Kim, L. Shao, K. Zhang, and K. P. Pipe, Nature
Materials 12, 719 (2013).
[37] M. I. Aroyo, A. Kirov, C. Capillas, J. Perez-Mato, and
H. Wondratschek, Acta Crystallographica Section A:
Foundations of Crystallography 62, 115 (2006).
[38] B. J. Wieder, Y. Kim, A. Rappe, and C. Kane, Physical
Review Letters 116, 186402 (2016).
[39] H. Nielsen and M. Ninomiya, Nucl. Phys. B , 20 (1981).
[40] H. Nielsen and M. Ninomiya, Nucl. Phys. B , 173 (1981).
[41] A. Bouhon and A. Black-Schaffer, (2017),
arXiv:1702.05343.
[42] C. Triola, J.-X. Zhu, A. Migliori, and A. V. Balatsky,
Physical Review B 92, 045401 (2015).
[43] P. E. Blo¨chl, Physical Review B 50, 17953 (1994).
[44] D. Vanderbilt, Physical Review B 41, 7892 (1990).
[45] G. Kresse and J. Hafner, Journal of Physics: Condensed
Matter 6, 8245 (1994).
[46] G. Kresse and J. Hafner, Phys. Rev. B 47, 558 (1993).
[47] G. Kresse and J. Furthmu¨ller, Physical Review B 54,
11169 (1996).
[48] G. Kresse and D. Joubert, Physical Review B 59, 1758
(1999).
[49] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car,
C. Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococ-
cioni, I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris,
G. Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis,
A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari,
F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello,
L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P.
Seitsonen, A. Smogunov, P. Umari, and R. M. Wentzcov-
itch, Journal of Physics: Condensed Matter 21, 395502
(2009).
[50] J. P. Perdew, K. Burke, and M. Ernzerhof, Physical
review letters 77, 3865 (1996).
[51] A. Merkys, A. Vaitkus, J. Butkus, M. Okulicˇ-Kazarinas,
V. Kairys, and S. Grazˇulis, Journal of applied crystal-
lography 49 (2016).
[52] S. Grazˇulis, A. Merkys, A. Vaitkus, and M. Okulicˇ-
Kazarinas, Journal of applied crystallography 48, 85
(2015).
[53] S. Grazˇulis, A. Dasˇkevicˇ, A. Merkys, D. Chateigner,
L. Lutterotti, M. Quiros, N. R. Serebryanaya, P. Moeck,
R. T. Downs, and A. Le Bail, Nucleic acids research 40,
D420 (2012).
[54] S. P. Ong, W. D. Richards, A. Jain, G. Hautier,
M. Kocher, S. Cholia, D. Gunter, V. L. Chevrier, K. A.
Persson, and G. Ceder, Computational Materials Science
68, 314 (2013).
[55] H. J. Monkhorst and J. D. Pack, Physical Review B 13,
5188 (1976).
7Z Γ X S Y Γ R T Z U R
-0.3
-0.2
-0.1
0.0
E
n
er
gy
(e
V
)
0 20 40 60
states/ev/cell
(a) C10H10Br2Cl3NO2
Z Γ X S Y Γ R T Z U R
-0.4
-0.2
0.0
E
n
er
gy
(e
V
)
0 100 200
states/ev/cell
(b) C12H13NO2
Z Γ X S Y Γ R T Z U R
-0.3
-0.2
-0.1
0.0
E
n
er
g
y
(e
V
)
0 100 200
states/ev/cell
(c) C13H12N2O
FIG. 3: Electronic structure and molecular structure of materials with Dirac crossings in the valence
band. The colors indicate: gray: carbon, light-blue: hydrogen, blue: nitrogen, red: oxygen, purple: bromine, green:
chlorine.
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FIG. 4: Electronic structure and molecular structure of materials with Dirac crossings in the
conduction band. The chemical elements are indicated by the colors: carbon (gray), hydrogen (light-blue),
nitrogen (blue), oxygen (red), fluorine (yellow) and bromine (purple).
